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o Due to limitations of methods commonly used to detect particles and plasmas few .
o examples of spacecraft in the ionosphere charging beyond a few volts appear in the ;
= Titerature. This impasse has been overrome with the launch of the DMSP/F6 satellite.
- It was equipped with up-Tooking detectors to measure 20 point spectra of precipitat- i
=" ing ions and electrons with energies between 30 eV and 30 KeV, once per second. A '
= generous qeoretric factor for the ion detector allows the application of a technique
= reqularly used to identify the degree of charqing for satellites at geostationary
- orbit. The Liouville Theorem can be used to show that a spacecraft charged, to say,
K =100 V, will measure no positive ions in enerqgy channels < 100 eV, Because of the
acceleration of cold, ionospheric ions by the spacecraft potential a large count
- rate should be seen in an energy channel centered near 100 V. A preliminary search
) of early DMSP measurements shows that such charqing peaks frequently appear in the
vicinity of intense inverted-V structures. An example that closely approximates the
"worst case" charqing environsients derived from previous DMSP missions, with only
_ electron measurements available has been examined. In this case, with the satellite f
) in darkness, peak electron fluxes occurred at energies of 10 keV and charging peaks
o were observed in ion enerqy channels up to ~65 eV. The fact that the spacecraft
was charged was verified using the SSIE thermal plasma probe on the same vehicle.

Calculations indicate that dielectric surfaces in the wake side of the vehicle charge '
to many times this nuber,
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INTRODUCTION

In this- Symposium we are- addressing questions concerning how large space structures
in polar orbit will interact with auroral environments. Because spacecraft charqing
at ionospheric attitudes does not seriously threaten the operation of today's rela-
tively small polar satellites the subject of environment interactions has not recetved
the widespread attention given to it at geostationary altitude. As a matter of
economics it is desireable for us to apply as much as possible of what we have learned
about. spacecraft interactions at geostationary orbit to low earth orbits, tconomics,
however, must not blind-us to real differences hetween the two problens,-

Tne environment at auroral latitudes in the ionosphere differs from that encountere
ed at geostationary altitude in at least two major aspects,

(1) There is a large reservoir of high-density, cold plasma which- tends to
mitigate charging effects by providing a targe source of charged particles from which
neutralizing currents maybe drawn. However, since Debye lengths in the ionosphere
are measured in centimeters as opposed to hundreds ot meters at geostationary altitude
effective current collecting areas may be severely limited. Significant wake effects
behind large structures will introduce new problems with differential charging.

(2) Between the magnetic equator and the ionosphere, auroral electrons frequent-
1y undergo field-aligned accelerations of several kilovolts (ref. 1). The degree to
which auroral, as opposed to plasma sheet, electrons deviate fron isotropy is a com-
plex function of the electron's energy and the potential distribution along magnetic
field lines (ref. 2). In such environments, fluxes of energetic protons are usually
below the levels of instrumentation sensitivity (refs. 3 and 4),

It is anticipated that polar-orbiting shuttles will encounter the most severe
charging environments in the vicinity of westward travelling surges and near inverted-
V structures. Westward travelling surges occur in the midnight sector during the
expansion phases of substorms. Substorm onsets are frequently marked by the sudden
brightening of the equatorward-most arc (ref. 5). This is followed by a bulging and
rapid poleward expansion of active arcs in the midnight sector (ref. 6). For obser-
vers on the ground in the evening sector the bulge appears on the eastward end of
arcs and moves quickly toward the western horizon. Using DMSP satellite imagery and
electron flux measurements Mena and coworkers (ref. 7) constructed a composite
morphology of westward travelling surges shown in Figure 1. Bright arcs emanate to
the west (A) and to the east from the equatorward and poleward edges of the bulge
region, respectively. A myriad of arc-1ike structures are embedded in the bulge
region (C), while nonuniform diffuse auroral precipitation (D) is found to the east
of the bulge and equatorward of the B arc.

Differential spectra typical of downcoming electrons in the vicinity of surges
are shown on the left side of Fiqure 1. In region A, to the west (evening side) of
the bulge, spectra are similar to those measured over quiet-time arcs. However, the
“monoenergetic beans" shift to higher than quiet-time values. This indicates that
stronger field-aligned potentials occur during substorm periods. In the region of
the poleward arc (region B) two spectral types are measured. One has a shape similar
to that found in the diffuse aurora (D) but with lower mean energy. The second
spectral type is characterized by electrons with energies of 100 eV and differential
flux levels of 1011/cm? sec sr keV. The spectral shapes indicate that field-aligned
accelerations in regions B and D are not significant. Within region C electron
spectra are relatively flat, sometimes out to the hig h-energy, measuring 1imit of
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DMSP spectrometers, If, as suggested hy the "worst-case" study of SCATHA's environ
ment, ,(ref. 8), severe charying most. strongly correlates with fluxes of electrons
with energies in the several tens-of-keV regife, then region C electrons may present
the most sevece charging environment for polar-orbiting shuttles,

Hazards due to spacecraft charging of large space structures should also occur in
“inverted-V" events., The term inverted-V was first used to describe structures thaf.
appear in energy=-time spectrograms from polar orhiting satellites (ref. 3). In these
structures the mean energy of precipitating electrons rises from a few hundred eV to
several keV then returns to a few hundred eV, Often the electrons have Maxwellian
distributions characterized by a mean thersial enerqy Eo that have heen accelerated
through a field-aligned potential drop & (ref. 9). In traversing the inverted-V,
¢, increases to some maximum value then decreases. In the evening sector ¢ can
rise to over 10 kV. The danger posed by inverted-V precipitation is more ubiquitous
than westward travelling surges. Lin and Hoffman (ref. 2) showed that inverted-V
events occur in all MLT sectors except in the dayside auroral gap (ref. 10).

To date, all investigations of inverted-V structures report no measurable fiuxes of
precipitating protons. This limitation more likely reflects on the sensitivity
of proton detectors rather than on a real absence of proton fluxes. In the plasma
sheet protons have mean thermal energies that are about five times those of electrons.
Some protons in the high energy tail of these distriutions should be sufficiently
energetic to overcome the ¢ potential barrier and reach the ionosphere.

Herein lies a serious verification problem for modelers of lTow-earth orbit space-
craft charging. It is rather easy to specify the "worst charging environment" (ref.
11). However, the relatively small geometric factors on positive ion detectors flown
to date on polar satellites have not allowed us to use the straight-forward methods
used at geostationary altitudes (ref. 8) for measuring satellite potentials in excess
of a few volts. In only one case, as INJUN-5 passed through an intense inverted-V,
has a large satéllite potential heen measured (ref. 12). In this case only an upper
bound of =28V could be directly assigned.

The purpose of this report is to provide iaformation for interaction-modelers
on the capabilities of a new yeneration of charged particle spectrometers now flown
on NDMSP (De fense Meteorological Satellite Program) satellites. These detectors,
which are sensitive to downcoming, positive ions with energies greater than 30 eV,
allow the direct measurements of satellite potentials less than -30Y. The following
section describes the plasma and particle instrumentation on the recently launched
DMSP/F6 satellite. We then present a detailed analysis of measurements taken as the
satellite passed through an intense, inverted-V structure in the midnight sector on
10 January 1983, The discussion section compares observational measurements of the
satellite potential with the predictions of a small-satellite charging model.

INSTRUMENTATION

DMSP satellites are three axis stabilized and fly in sun-synchronous, circular
polar orbit at an altitude of 840 k., Their orbital periods and inclinations are
are 101 minutes and 98,75°, respectively. DMSP/F6 was launched in late December 1982
into an orbit near the dawn-dusk meridian with an ascending mode of 0612 LT. The two
sets of detectors of interest here were designed to monitor variations in the topside
thermal plasma and in the flux of precipitating charged particles.
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The thermal plasma detector (ref, 13, 14), known as the Special Sensor for lons and
Electrons (SSIE) consists of a spherical Langmuir probe and a planar, retarding
potential analyzer (RPA), The Langmuir probe consists of a 1.75" diameter collector
surrounded by & concentric, wire-mesh qrid of 2.25" diameter. It is mounted at the
end of a 2,5' rigid boom. The sensor operates in 2 modes. In the first mode the
arid bias is held at a fixed Tevel determined hy ground command. In the second mode
the voltage of the grid with respect to satellite ground is swept to determine the
thermal electron density and temperature. The inode 2 voltage sweep occurs every 64 s
and lasts for 10 s. To ensure that all electrons passing through the qrid are
:ollected the collector is always held at a potential of 20 V above that of the grid..
Ouring Mode 1 operations on 10 January 1983 the gqrid-hias was fixed at +7.8 V with
respect to the spacecraft frame potential,

The thermal ion detectsr is a retarding potential analyzer (RPA) that consists of
a coilector, a supressor grid, a swept arid and an aperture grid. The aperture grid
is circular with a diameter of 1.0".  This sensor is mounted 3/4 of the way up the
2.5' boom with an outward surface normal facing in the direction of the satellite
velocity. The RPA also operates in two nodes. In Mode 1 the retarding grid is fixed
at citellite potential plus a bias potential of A.3V. In Mode 2 the retarding grid
is swept from -5 Y to 12 V, every 64 s. From the shapes of the current-voltage
characteristics obtained during Mode 2 sweeps it is possible to determine the ion
densities, temperatures and relative Mass concentrations. Complete descriptions of
the SSIE instruments and the methods of data reduction and analysis have been written
by Sniddy and co-workers (ref. 13) and by Rich and co-workers (ref. 14),

The energetic particle detector on DMSP/F6 are designed to measure the flux of
downcoming electrons and positive ions in 20 enerqgy channels, logrithinically spaced
between 30 eV and 30 keV. BRoth the electron and ion detectors consist of two curved
plate electrostatic analyzers, The aperatures of the analyzers always face toward
Tocal vertical. Thus, at auroral and polar-cap latitudes they detect precipitating
rather than backscattered or trapped particles. One set of analyzers covers the
energy range 30 eV to 1 keV has a geometric factor of 4 x 10-4 cm2-sr for electrons
and 2 x 10-< for ions. In hoth cases A E/E is 13% The other set of analyzers
neasures the flux levels over the 1 to 30 keV range. The geonetric factor for these
electron and ion detectors is 103 cnl-sr with 4 E/E = 10% Trese large geometric
factors ensure statistically significant count rates in the auroral oval._.__

OBSERVATIONS

During the period of interest on 10 January 1983, DMSP was in darkness crossing the
midnight sector of the northern auroral oval from dawn to dusk. Sirmultaneous
neasurerents from the imager on F6 and ground ragnetograrnis are not available at this
time. In general, however, the period may be characterized as one of nagnetic

quieting. Although Kp was 2% at the time of the overpass, 10 January was the wmost
disturbed day of the month with «Kp = 39,

Measurements fron the energetic electron and ion spectrometers are presented in
Figures 2 and 3, respectively. The format for data presentation is the same in both
figures. Plotted as functions of UT, geomagnetic latitude, and magnetic local tine
ere the particle's average energies (top panel), the directional energy fluxes (middle
panel) and number fluxes (botton panel), Attention is directed toware the one ninute
interval following 2045 74700) uT, Beginning at 2045 UT the number flux (UTOT)
rises from 109 to 4 x 109 electrons/c sec sr at 2045:22 UT. In the next 20 sec
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it decreased to 107 electrons/cm2 sec sr, The average energy of the pre-
cipitating electrons increased from 800 eV to 7.5 keV then returned to 800 eV,
the classic signature of an inverted-V structure, The flux of ions reaching the
detector also increased to & sharp maximum at 204522 UT, However, the average
energy of the ions was lowest at this time.. This signature is similar to that
obtained when spacecraft at geesynchronous orbit undergo charging,

Figures 4, 5 and 6 qive three examples of measurements from the energetic electron
and ion sensors at 2045:17, :22 and :24 UT, respectively, MNata represented as elec-
tron and ion phase space densities are plotted as functions of energy from 30 eV to
30 keV. The insets give expanded plots of ion distribution functions in the energqy
range 30 to 200 eV. In all three cases the electron distributions show low-energy
or suprathermal comporents. The fact that the energetic components of the electron
distributions are not monotonically decreasing in energy is consistent with the
primary electrons having been electrostatically accelerated in some attitude range
above the satellite. Electrons with energies below the peak in the distribution
functions are energy-deqraded primaries that are trapped below the electrostatic
barrier. The primary-electron distributions are non-Maxwellian, containing high
energy tails.

The ion distribution functions also contain both energetic and suprathermal com-
ponents. In the case of the ion measurement at 2045:22 UT the energetic component
has a Maxwellian distribution out to 30 keV. Using the Liouville theorem and assum-
ing an isotropic distribution function in the magnetosphere we find that for charge
neutrality to prevail in the parent populations, the field-aligned potential drcp
above the auroral ionosphere is ~ & kV. We note that this is consistent with the
measured distribution where the-actual peak-must 1ie between the energy channels
centered at 6,46 and 9.48 keV. ..

At 20:45:22 and :24 UT the suprathermal ions have non-monotonic distributions. The
peaks in the energy channels centered at 65 and 44 eV suggest that ions measured in
these channels are ioncspheric particles that have been accelerated by satellite
potentials of -65 and -44 V, respectively. The fact that ion counts are recorded in
energy channels less than at the peak in the distribution is consistent with the
finite spread in the energy-acceptance of the sensor's energy channels. Recall that
to assure high count rates the geometric factor of the low-energy ion detector was
made large. The only other possible source of jons in these energy ranges at DMSP's
altitude are the so-called ion conics (ref. 15). These are thermal ions that are
accelerated perpendicular to magnetic field lines throvgh resonant interactions with
lower-hybrid or ion-cyclotron electrostatic waves. Such cannot be the case here since
the ion detector is looking almost along, rather than across, the magnetic field.
Note that the negative potentials of several tens of volts represent the potentials
of the dielectric surfaces in the vicinity of the ion-detector's aperture rather
than the potential of the satellite's frame.

Further information concerning the environment in which the charging of DMSP/F6
occurred can be gained from thermal probe measurements. Figure 7 gives the
"densities" of thermal electrons and ions measured during Mode 1 operations. In
this representation data taken while senscr grids were being swept in voltage (Mode 2)
are suppressed. The grid on the spherical Langmuir probe was biased at 7.8 V with
respect to the satellite frame. Thus, in Mode 1 the electron sensor is operating
in the accelerating mode, This leads to overestimates of the ambient electron densi-
ties. In regions where both .ensors vary in the same sense the measurements accurate-
ly weasure relative density fluctuations., In regions where the measurements vary in
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opposite senses the variations are mostly due to satellite potential fluctuations.
Absclute values of the plasma density are obtained through analyses of Mode 2 current
-voltage sweeps. Fiqure 7 shows that in the period following 2045 UT the current
reaching the thermal electron probe decreased by wore than four orders of magnitude, _
consistent with a strongly neqative vehicle potential. The thermal ion current
increased by a factor of 2,

In the immediate vicinity of the charging event Mode 2 sweeps cannot be used to
determine the plasma temperature and composition.. The last Mode 2 sweep, taken
equatorward of the event and before vehicle potential fluctuations make results
of Langruire probe analysis questignable, occurred at 2043:26 UT. This sweep showed
a total plasma density of ~ 10%cm=3, The ion composition was mostly 0*. The ion
and electron temperatures were ~ 1200° and 4000°K, respectively. The following
sweep, bheginning at 2044:30 UT showed signs of a significant light ion contribution..
It should be noted that other measurements in the diffuse auroral region show
large, even dominant light ion mixtures._.The light ion that best fit the measured
current-voltage characteristics was He*. C(lose to the event the current character-
istics also showed signs of a light-ion component. However, rapid fluctuations of
the satellite potential do not allow quantitification of this observation.

DISCUSSION

In modelling the DMSP charging event described in the previous section two con-
ditions should be kept in mind. First, the event occurred while the satellite was
in darkness. Thus, photoemission currents from the vehicle can be ignored. Second,
the surfaces of DMSP satellites are almost entirely made up of dielectric materials.
The potential drop Vg experienced by positive ions reaching the electrostatic analyzer
should be that required for local current balance near that sensor's aperture. For
the- sake of simplicity we model the satellite as a sphere whose surface material is
kapton. The satellite moves at a speed of 7.4 km/s through the combined ionospheric
and auroral plasmas.

The Tlocal current balance condition can be written in the form:
I(V) = <dem + Jim + Jg2 *+ Jap *+ Jgj + Jj1 = 0

The terms Jey and Jjpy represent currents due to energetic electrons and ions of
magnetospheric origin, respectively., The energetic electrons include both primaries
and energy degraded primaries. The terus Jg2, JeB, and Jaj refer to currents
generated by: (1) secondary electrons resulting from energetic electrons impacting
the satellite, (2) backscattered energetic electrons, and (3) secondary electrons due
to impacting ions, respectively, Currents resulting from impacting ionospheric ions
are represented by Jji.

If we assume that the auroral electrons are well approximated by an isotropic
distribution function fuy(E) then the total currents to the satellite directly
attributable to energetic electrons has the form
o e Vs/kT,

(2) J, = J

e e

where Jgg = -JgM + Jgp + Jeg; Vs is the satellite potential and q is the elementary
(negative) unit of charge and kT, = 2/3 <E >, Here < E >, the mean thermal energy
of the energetic electrons is 5,45 keV. Finally,
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4 72 = e
(3) Jeo a";l_ﬁﬂ Of oj Efam (B) [V - ag(E, o) - ag(E, y)

Ldd

* Cosy Sin ¢dydE

is the total current due to energetic electrons if the satellite were at
plasma potential.. The functions of energy and andle ¢ from normal
incidence, for secondary [ A2 (E, )] and backscattered [ap (E,9))
electrons are given by Laframboise and co-workers (ref 16).

The current due to impacting ions can be represented in the form

- Vs

where kTj is the mean thermal energy of the magnetospheric ions. Jio
represents the sum of Jjmy + Jgi if the satellite were.at plasma potential

n/ 2

(5) Jio =4 n%e [ [ Efim(E) L1+ Agi (E, v ]
Hi 0 0

Cos ¢ Sin ¢ d ¢

fim (E) is the distribution function of magnetospheric ions in the vicinity of the.
satellite. Ao (E,y) is the secondary electron conversion factor (ref 16),

Values of Jgp and Jjq in equations (3) and (5) were solved by numerical integration
using the energetic electron and ion distribution functions measured at 2045: 22 UT..
Setting Vg equal to -65 V in equations (2) and (4) and adding w% calculate that in
the vicinity of the ion sensor there is a current of 6.33 uA/m¢ flowing away
from the satellite. From equation (1) we see that this must be balanced by the
thermal ion current Ji1 to the vehicle.

The current to the satellite due to ionospheric ions is given by a sum,_over_
ion species «

(6) Ji1 = Noe Usat LT o (by, ©)
o

where Ny is the total ion density, U g,¢ is the satellite speed, © is the angle
with respect to the ram direction, b is the Mach number of thea species

[1/2 My Vs/kTel /2, Based on sateilite measurements in the ionosphere,

Gurevich and co-workers (ref. 17) derived an expression for the angular term

7 r (b , ¢ =N 1 +erf (b, Cos ¢4 Cos o
(7) (b 45 @ N:[T+mfﬁz 0 ]

Cos ¢4)

where erf (x) represents the standard error function. ¢ o is the complement of
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the Mach angle, With Usat = 7.4 km/s and-Te = 4000° K we calculate values of
90 = N° for an 0% plasma and 55°‘for an He” plasma. .Note that for o = 0°
Iq= 1and the current Noe Usat is the ram current. For a plasma—density

&x of 10 ¢m~3 thelram current is 11.8 yA/m2, Thus, to balance a current o
of 6.33. uA/m2, ) r, (90°) must equal 0,536, S —
Q

Figure 8 is a plot of )) ry (90°) plotted as a function of the fraction of He*
Q

present in the ionospheric plasma., The horizontal line at 0,536 represents the :
value of ) Ty (90°) required to balance the auroral current with Vg = -65 v
a

on the top surface of the satellite.. The solutions are not unique. As expected the

¢ o = 55° condition is satisfied only for a pure He* plasma. Higher values of
¢ o require less He*,

It is interesting to now use this model to estimate the surface potential in the
wake region of a small satellite like DMSP. To do this we first choose a value (
of ¢ which gives a solution to Vs = - 65V at 0= 90°, This is equivalent to '
sone nixture of He* and 0*. With this we next solve equation (6) for the ionospheric
ion current at any location on the satellite. The final step is to solve equations
(2) and (4) for the potential V¢ that gives an I(V) = 0 solution to equation (1),

> saR.

Fiqure 9 demonstrates the results of this procedure. Here we have chosen the k
value ¢, = 60° From Figure 8 we see that this corresponds to a.case with Nya+/Ng !
= 0.63. "On the ram side of the vehicle the potential is slightly positive. As we :
go away from 909 into the wake direction the model predicts that the surface poten- :
tial rises quickly and saturates at a value of ~1 kV. We have examined the model E
predictions for other values of ¢ o in the range 55° tqo 70° and found that within i
a few percent the results are insensitive to these variations.
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The morphology of auroral luminosity and precipitati.ng electron spectra in
the vicinity of westward travelling surges.
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2._ Avgragq enrrgy, directional energy'flux and directional number flux of
pricipitating electrons measured durin
10 January 1983,
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5.
inset expansion of the low energy portion of ion distribution function shows a
charging pedak at 65 eV.

6. Distribution functions at 2045%: 24 UT, in same format as Figure 4,
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7. Mode 1 currents to the thermal electron and ion sensors during the
northern auroral pass of 10 January. The "densities" calculated from these
currents assume that the grids are at plasma potential and are overestimates
in both cases.

T (90°)

t 2 3 4 5 6
Tt/ Mo

8 Plot of ', with Oset equal to 90°, as a function of NH;/No. for
several values of_¢ o The line at 0.536 represents the value of T required for
current halance with Vg = - 65 V on the top surface of DMSP,
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9. Surface potential as a function of 0 for ¢, = 60°
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